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Smell perception plays an important role in eating behavior and might be involved
in body weight gain. Since a body of literature implies that olfactory perception and
function is hampered in obesity, we here investigate neuroanatomical correlates of
this phenomenon. We assessed olfactory bulb (OB) volume with magnetic resonance
imaging in 67 healthy participants with a body mass index (BMI) from 18.9 to 45.4 kg/m2
(mean = 28.58 ± 6.64). Moreover, we obtained psychophysiological data on olfactory
ability (Sniffin’ Sticks, Food associated odor test) and self-report measurements on
eating behavior. Additionally, we collected parameters associated with metabolic health
in obesity (waist-hip ratio, waist-height ratio, leptin levels, body fat percentage, fat
mass index, insulin resistance) to investigate recently proposed mechanistic explanatory
models of why olfaction may be altered in obesity. We showed that OB volume was
significantly lower in participants with obesity when compared to those of normal
weight. Moreover, we found weak to moderate negative correlations between OB
volume and BMI and related measures of metabolic health, especially leptin, body fat
percentage, waist-height ratio and insulin resistance. However, neither OB volume nor
BMI were related to olfactory function in our young and healthy sample. Nevertheless,
our results provide first indications that obesity is associated with brain anatomical
changes in the OBs.
Keywords: olfactory bulb, obesity, olfaction, smell perception, HOMA-IR, metabolic health
INTRODUCTION
Obesity has become a worldwide epidemic with an increased risk for major individual health
consequences and a severe burden to the healthcare system (Stevens et al., 2012). Since obesity
is a risk factor for many diseases such as diabetes type 2, cardiovascular diseases, certain forms of
cancer and stroke (Rosenthal et al., 2017), it is essential to understand the factors that accompany
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excessive accumulation of body weight and its maintenance.
One major factor driving the rapid increase of obesity is our
obesogenic environment that encourages overconsumption of
energy-dense foods even without physiological needs (Berthoud,
2012; Lopez-Gonzalez et al., 2020). Especially external cues,
such as the smell of foods, can trigger appetite and intensify
food cravings (Firmin et al., 2016). Thus, the olfactory
system came into focus as an important contributor to
unintentional weight gain.
In recent years, it has been shown that smell perception plays
a significant role in the enjoyment of food and the control of
food intake (Ramaekers et al., 2014, 2016; Proserpio et al., 2017).
More specifically, olfaction influences food selection and meal
size (Gaillet-Torrent et al., 2014) and triggers cephalic phase
responses and cravings (Kitamura et al., 2010; Firmin et al., 2016;
Proserpio et al., 2017). Hence, changes in olfactory perception
might be involved in unhealthy eating and potentially lead to
weight gain. On this notion, it has been shown that individuals
with obesity show several alterations in the olfactory system.
First, they have a higher hedonic response to palatable food
odors when compared to people of normal weight (Stafford and
Whittle, 2015). Second, it is widely accepted that individuals with
obesity have decreased olfactory function (Richardson et al., 2004;
Skrandies and Zschieschang, 2015; Fernández-Aranda et al.,
2016; Fernandez-Garcia et al., 2017; Peng et al., 2019). Especially
odor sensitivity, which reflects perceptual function (Hedner et al.,
2010), is decreased in individuals with obesity when compared to
people with normal weight (Skrandies and Zschieschang, 2015;
Fernandez-Garcia et al., 2017).
The mechanisms behind these alterations remain unclear,
however, it has been suggested that decreased olfactory function
may be caused by hormonal and metabolic changes that are
associated with obesity (Peng et al., 2019). This is supported
by a recent finding of our working group, where we could
show that high insulin resistance has a negative effect on food
odor sensitivity in obesity (Poessel et al., 2020). Moreover, these
hormonal changes might lead to altered function of the olfactory
bulbs (Lacroix et al., 2015). Notably, the OBs have a high density
of insulin and leptin receptors (Havrankova et al., 1981; Baskin
et al., 1983; Marks et al., 1990; Thanarajah et al., 2019), hormones
that are elevated in obesity and involved in homeostatic signaling
(Murphy and Bloom, 2006; Durham, 2016; Lean and Malkova,
2016) as well as in modulating odor sensitivity (Tong et al., 2011;
Brunner et al., 2013).
Interestingly, not all individuals with obesity show significant
alterations in their metabolic and endocrine systems, referring
to the concept of metabolically “healthy” obesity (Blüher,
2020). Those individuals are characterized by preserved insulin
sensitivity and beta cell function, better cardiorespiratory fitness
and lower visceral fat. In this respect, we believe that the olfactory
system of metabolically healthy individuals with obesity might
be less affected by these alterations. Consequently, we not only
focus on body mass index (BMI) criteria for weight status,
but additionally examine waist-height ratio (WHtR), waist-hip
ratio (WHR), and leptin as proxies of body fat (Münzberg and
Heymsfield, 2015; Christen et al., 2018; Landecho et al., 2019) and
insulin resistance as assessed by homeostatic model assessment
(HOMA-IR) (Gutch et al., 2015) and total body fat percentage as
well as fat mass index (FMI).
The olfactory performance in standard tests (identification,
discrimination and threshold tests) is reflected in the size
of the olfactory bulb (OB) in participants with and without
olfactory dysfunction (Buschhüter et al., 2008; Mazal et al., 2016).
OB volume is reduced in various diseases that are associated
with low olfactory performance, such as Parkinson’s disease,
Alzheimer’s disease, schizophrenia, and depression (Turetsky
et al., 2000; Thomann et al., 2009; Negoias et al., 2010; Liu
et al., 2017). However, olfactory function was in most, but
not in all cases negatively related to OB volume (Turetsky
et al., 2000; Schriever et al., 2013). It is discussed that an
insufficient afferent input of olfactory information from the
olfactory receptor neurons to the OB causes the reduction
in bulb volume (Gudziol et al., 2009). In addition, animal
studies have reliably demonstrated that obesity leads to structural
and functional changes in the olfactory system (Fadool et al.,
2011; Thiebaud et al., 2014; Rivière et al., 2016). Since brain
anatomical correlations to altered smell perception in human
obesity have not been studied yet, we here investigate whether
OB volume is associated with BMI and associated metabolic
and hormonal markers of obesity, such as WHR, WHtR,
body fat percentage, FMI, plasma level of leptin and insulin
resistance. Further, we assessed olfactory function with the
Sniffin’ Sticks test battery. Moreover, we explore whether eating
behavior as assessed by subjective reporting via questionnaires




The sample consisted of 67 participants (33 women, 34 men), 28
participants had normal weight (BMI = 18.5 − 24.9 kg/m2), 28
participants were obese (BMI > 30 kg/m2), and 11 participants
were overweight (BMI = 25 − 29.9 kg/m2) (see Table 1
for details). All participants were recruited from the Max
Planck Institute for Human Cognitive and Brain Sciences
database in Leipzig, Germany. They were aged between 21
and 41 years (28.5 ± 4.6 years) to minimize the impact
of age on olfactory performance (Hummel et al., 2007). We
excluded current or recent smokers (<3 years of abstinence)
and subjects with allergies, history of nose surgery (except
childhood adenoidectomy) and metabolic diseases (e.g., thyroid
diseases or diabetes mellitus). Further exclusion criteria were
vegetarian/vegan diet, history of neurological or psychiatric
disorders, current use of medication (except oral contraceptives),
drug use within the last 4 weeks and alcoholism. Pregnant and
currently breastfeeding women were excluded for ethical reasons
and because smell perception is altered in these conditions. All
participants were previously screened by means of telephone
interviews and had to meet our inclusion criteria (age between
18 and 45 years). After inclusion, participants provided written
informed consent. The study was carried out in accordance with
the Declaration of Helsinki and was approved by the Ethics
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Mean ± SD (range) p-value/F-value between
NW and OBE
Characteristics
n 67 28 28 11
Sex 33 ♀, 34 ♂ 14 ♀, 14 ♂ 14 ♀, 14 ♂ 5 ♀, 6 ♂






0.109/2.3a 29.5 ± 3.0






<0.001***/212.834a 26.9 ± 1.4






<0.001***/23.875b 0.88 ± 0.06






<0.001***/222.22b 0.51 ± 0.03 (0.45 − 0.55)






<0.001***/53.658b 25.39 ± 8.31






<0.001***/92.03b 0.12 ± 0.50 (0.07 − 0.18)






0.018*/5.905a 2.5 ± 2.5






0.964/0.002a 1.5 ± 1.5
Hormonal profile






<0.001***/21.903a 0.78 ± 0.37






<0.001***/21.878b 9.97 ± 8.04






<0.001***/21.222a 40.59 ± 19.74






0.001**/11.777a 5.18 ± 0.18
Data are presented as mean values, standard deviations, and minimum and maximum values. aOne-way analysis of variance (ANOVA). bOne-way analysis of variance
with the covariate sex (ANCOVA). BMI, body mass index; WHR, waist-hip ratio; WHtR, waist-height ratio; FMI, fat mass index; BDI sum score, sum score of Beck’s
Depression inventory; HOMA-IR, homeostatic model assessment of insulin resistance. ∗p ≤ 0.05; ∗∗p ≤ 0.01; ∗∗∗p ≤ 0.001.
Committee of the University of Leipzig (Reference number
387/17-ek, date of vote: 2017-10-17).
Study Design
The data presented here are part of a larger, multi-centered
study in Saxony, Germany. We here only present the data
of participants that were tested in one location at the Max
Planck Institute for Human Cognitive and Brain Sciences in
Leipzig. Participants were tested on 2 consecutive days. On the
first test day, we collected a blood sample after an overnight
fasting period of approximately 12 h. All participants were
screened for normal olfactory function with the short form of
the Sniffin’ Sticks odor identification test (Mueller and Renner,
2006). They further underwent a medical examination to assess
body weight, height, waist and hip circumference and body
fat percentage (measured by body impedance analysis). We
conducted several questionnaires and interviews to assess eating
behavior, past and present smoking behavior, including passive
smoking, as well as information about the menstrual cycle phase
of female participants. Moreover, we conducted a computer-
based behavioral task and saliva tests on the first test day that
are not part of the present data presentation in this manuscript.
On the second test day, participants underwent after a 2 h
fasting period a 50-min MRI scan, consisting of an anatomical
and a functional part. After scanning, participants completed
another set of questionnaires. In this manuscript, we only




Olfactory testing was performed with the commercially available
Sniffin’ Sticks R© test battery (Sniffin’ Sticks; Burghart Instruments,
Wedel, Germany). It is a well-validated instrument to assess
olfactory performance in the clinical and research context
(Hummel et al., 1997). It includes subtests for odor threshold,
odor discrimination and odor identification. In the threshold test,
16 triplets of felt-tip like pens are presented to the participant
(Kobal et al., 1996; Hummel et al., 1997). In each triplet, one pen
contains n-butanol, diluted in aqua conservans and concentrated
from 1.22 ppm in pen number 16 up to 4% in pen number 1,
whereas the other two pens contain only the solvent and serve
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as blanks. The odorized pen of each triplet must be identified
correctly, starting with the lowest concentration. Participants are
blindfolded to avoid visual identification. In a single staircase
procedure, a higher concentration is presented following an
incorrect choice, and a lower concentration following two correct
identifications in a row. This procedure is repeated until seven
staircase reversals are reached. The threshold is defined as the
mean of the four last reversals of the staircase. A higher score
signals higher capacity to pick up odors from the environment.
The odor discrimination test assesses the participant’s ability to
discriminate between different odorants. The task is to identify
from three pens which one smells different than the other
two pens. The odor identification test assesses the participant’s
ability to correctly identify commonly known odors from a
list of four descriptors for each odorized pen. The odors are
similar in intensity and include: orange, peppermint, turpentine,
cloves, leather, banana, garlic, rose, fish, lemon, coffee, anise,
cinnamon, liquorice, apple, pineapple. In each test the sum of
correct answers can range from 0 to 16. The sum of all three
subtests results in the composite TDI-score and reflects general
olfactory capacity, it can range from 0 to 48. Hereby, a TDI score
of ≥30.5 is defined as normosmia (=normal smell function), a
score between 16.5 and 30 hyposmia (=reduced smell function)
and ≤16.5 anosmia (=functional smell impairment) (Hummel
et al., 2007). Additionally, we obtained odor identification data
from a newly developed food associated odor test (FAOT), here
the participants had to identify the correct odor from a list of four
descriptors. The test was developed to examine how naturalistic
food odors are perceived. It includes the following odors:
cinnamon, vanilla, coconut, bell pepper, caraway, peppermint,
marzipan, butter, peach, liquorice, grape juice, cacao, cooked
beef, bread, chicken, and fish (Denzer-Lippmann et al., 2017).
Questionnaires and Interviews.
We initially screened for inclusion and exclusion criteria
and education, using a self-developed screening questionnaire
assessing smoking and drinking behavior, health status and
subjective olfactory function. Depressive symptoms were assessed
with the Beck Depression Inventory (BDI) (Beck et al., 1961) in a
paper pencil form at the beginning of the first test day to control
for acute suicidal tendencies and exclude participants with a sum-
score >18 since depression is a confounding factor for smell
impairment (Negoias et al., 2010). Additionally, participants were
face to face interviewed about their smoking status by means
of a smoking interview that was previously implemented in the
Leipzig LIFE study (Loeffler et al., 2015). The interview contains
questions about their past and present smoking behavior as
well as passive smoking. Eating behavior was assessed by means
of the German version (Nagl et al., 2016) of the Three factor
Eating Questionnaire (TFEQ) (Stunkard and Messick, 1985). The
TFEQ describes three dimensions of human eating behavior:
cognitive restraint of eating, disinhibition and hunger. Dietary
Fat and Free Sugar Short Questionnaire (DFS) (Fromm and
Horstmann, 2019) that obtains data about monthly intake of
saturated fat and free sugar within the last year. Moreover, we
used the German versions of the Food Craving Questionnaires
for food (FCQ) (Meule et al., 2014) and chocolate (FCQ-C)
(Meule and Hormes, 2015). Both scales obtain information about
experienced food cravings. The FCQ collects information about
general state and trait cravings for food while the FCQ-C assesses
craving and hunger for chocolate specifically. Furthermore, we
obtained information on the menstrual cycle of women to assess
cycle phase, since odor sensitivity is higher in follicular phase of
the cycle / under oral contraception and lower in the luteal phase
(Derntl et al., 2013; McNeil et al., 2013).
Blood Collection
Venous blood samples were collected after a fasting period
of approximately 12 h, using 5.5 ml Sarstedt S-Monovette
containers prepared with clotting activator for serum leptin and
insulin and 2.7 ml Fluoride/EDTA preparations for glucose.
Glucose tubes were immediately centrifuged at 3500 r.p.m.
at 10◦C and serum after standing at room temperature for
30 min. Both, serum and glucose were separated in two
1 ml tubes (Eppendorf Safe-Lock Tubes) and immediately after
centrifugation frozen at -80◦C.
Neuroimaging
Brain imaging data were acquired using a 3 Tesla Siemens
SKYRA scanner equipped with a 20-channel head coil. An
MPRAGE (Mugler and Brookeman, 1990) dataset was acquired
to create a T1-weighted (T1w) image. TR = 2,300 ms, echo
time; TE = 2.98 ms, inversion times; TI = 900 ms (non-
selective inversion recovery), flip angle; FA = 9◦, nominal
resolution = 1 mm isotropic. Right and left OB volume
were determined using multislice T2-weighted turbo spin-echo
images, with TR/TE/FA = 6,630 ms/126 ms/160◦, acquired spatial
resolution = 0.5 × 0.5 (in-plane), 1 mm slice thickness, 30 slices
(no slice gap), and signal averages = 2.
Data Analysis
R version 3.4.3. within RStudio (RStudio Team, 2016) was used
for statistical evaluation. We used BMI as a continuous variable or
as a grouping variable (normal weight: BMI 18.4 − 24.99 kg/m2,
obese: BMI > 30 kg/m2). We used WHR, WHtR, circulating
leptin levels, body fat percentage and FMI as additional measures
of weight status, that are more related to metabolic health.
Especially, WHtR and FMI have been identified as reliable
predictors of metabolic risk in obesity (Łopatyński et al., 2003; Liu
et al., 2013). Homeostasis Model Assessment of insulin resistance
(HOMA-IR score) (Matthews et al., 1985), an index that serves
as a proxy of insulin resistance, was then calculated from insulin
and glucose by means of the HOMA2 Calculator1, applying the
formula: HOMA-IR = glucose [mmol/l] × insulin [pmol/l]/135.
The α-level was set at 0.05. Bonferroni correction was applied
to adjust the α-level for multiple testing. Whenever statistical
assumptions for parametric testing were violated, we applied
non-parametric robust tests. We defined outliers as values below
or above 2.2 interquartile range from the samples lower or upper
quartile (Hoaglin and Iglewicz, 1987).
Olfactory bulb size was assessed with 3D Slicer software
(Fedorov et al., 2012), version 4.10.22. We employed the
1https://www.dtu.ox.ac.uk/homacalculator/index.php
2https://www.slicer.org/
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planimetric contouring method (Rombaux et al., 2009). The
examiner manually delineates the OBs in the coronal slices and
multiplies each surface area (mm2) by slice thickness (1 mm).
The posterior end of the OBs is reached when encountering
two equal sized, narrower surface areas in a row. Finally, all
obtained volumes are added up for the total volume of each
bulb. OB measurements were performed by three independent
experimenters who were blinded for the weight status and
sex of the participants. The mean of their results serves
as the OB volume.
First, we applied a group design to display differences
between BMI groups as defined by international standards
on OB volume while controlling for sex. Assumption tests
showed homogeneity of variances/covariances, as assessed by
Box’s M test. There were no univariate/multivariate outliers,
as assessed by standardized residuals greater than ±3 standard
deviations/Mahalanobis distance. Second, the relationship
between OB volume and measures that reflect body weight
status (BMI, WHR, body fat percentage, leptin) was assessed
by correlation analysis. We performed partial Spearman’s rank
correlation for not normally distributed variables (BMI, WHR,
leptin, insulin, HOMA-IR, age, TDI score, odor identification,
odor discrimination, craving questionnaires, eating behavior
questionnaires, olfaction questionnaires) with OB volume.
Since OB volume is smaller in women when compared
to men, we used sex as a covariate. Additionally, we used
partial Pearson’s product moment correlation to depict the
relation between normally distributed variables (body fat
percentage, odor threshold, DFS data). We interpreted the
strength of the correlation according to Cohen’s conventions
(Cohen, 1988).
We further used SPSS (version 22.0, SPSS Inc., Chicago, IL)
for the replication of a mediation analysis to disentangle the
effect of insulin resistance on the relationship between obesity
and olfactory function. Unstandardized indirect effects were
computed for each of 10,000 bootstrapped samples, and the 95%
confidence interval was computed by determining the indirect
effects at the 2.5th and 97.5th percentiles.
RESULTS
Sample Characteristics
Participant characteristics are given in Table 1. Descriptive
values for the total sample as well as for BMI subgroups are
listed. Table 1 contains general characteristics (age, depressive
symptoms, information about passive smoking), metabolic health
parameters (BMI, WHR, body fat percentage) and hormonal
parameters (plasma insulin, glucose and leptin, HOMA-IR score).
BDI scores indicated no or only mild depressive symptoms in
all subjects (mean = 3.01, SD = 3.35, range: 0–13), however,
participants with obesity had significantly more depressive
symptoms than participants with normal weight. As expected
participants significantly differed in BMI, WHR, and body fat
percentage. Participants with normal weight had also significantly
lower HOMA-IR scores as well as lower levels of plasma insulin,
glucose and leptin when compared to obese participants.
Psychophysical Function
Olfactory function assessed by Sniffin’ Sticks and food
associated odor test (FAOT) are given in Table 2. A one-
way multivariate analysis of variance was run to determine the
effect of weight status (normal weight vs. obese) on olfactory
performance (Odor identification, odor discrimination, odor
identification, TDI sum score) while controlling for sex.
There was no statistically significant difference between
weight groups in all olfactory tests, F(3, 51) = 0.389,
p = 0.761 (Table 2).
In addition, none of the olfactory tests was associated with
OB volume or BMI as determined by Pearson’s product moment
correlation and Spearman’s rank-order correlation (Table 2).
Relationship Between OB Volume and
BMI/Other Measures That Are
Associated With Metabolic Health (WHR,
WHtR, Body Fat Percentage, FMI, Leptin,
Insulin Resistance)
Means, range and standard deviations of OB volume and
whole brain volume grouped by weight status and in total
are depicted in Table 3. Firstly, we explored group differences
in OB volume between participants with obesity and normal
weight, we found a significant group effect as determined
by one-way ANCOVA [F(1, 52) = 8.119, p = 0.004] with
smaller volume in individuals with obesity (Figure 1).
Additionally, we checked whole brain volume to control
the specificity of this effect. There was no difference in
whole brain volume in the weight groups [F(1, 52) = 1,691,
p = 0.682].
Additionally, we investigated the relationship between OB
volume and BMI as a continuous variable as well as other
measures of metabolic health in obesity using correlation
analysis. A partial Spearman’s rank-order correlation was run
to determine the relationship between BMI and OB volume
whilst controlling for sex. There was a weak, negative correlation
between OB volume and BMI, which was statistically significant
(r = -0.278, n = 65, p = 0.028) (Figure 2). Further, we
assessed other measures that are associated with metabolic
health status in obesity: HOMA-IR, leptin, body fat percentage,
WHtR, WHR, and FMI (Figure 2). A partial Pearson’s product
moment correlation was run to determine the relationship
between body fat percentage and OB volume. There was a
weak, negative correlation between OB volume and body fat
percentage, which was statistically significant (r = -0.273, n = 65,
p = 0.031). A partial Spearman’s rank-order correlation was
run to determine the relationship between OB volume and
HOMA-IR/leptin/WHtR/WHR/FMI whilst controlling for sex.
There were statistically significant weak to moderate, negative
correlations for HOMA-IR and OB volume (r = -0.258, n = 65,
p = 0.041), leptin and OB volume (r = -0.253, n = 65, p = 0.045) as
well as for WHtR and OB volume (r = -0.321, n = 65, p = 0.010).
However, there were no statistically significant correlations
between OB volume and WHR (r = -0.199, n = 65, p = 0.118)
or FMI (r = -0.216, n = 65, p = 0.089) whilst controlling for sex.
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FIGURE 1 | Group differences between normal weight (NW) and obese (OBE) participants in OB volume as assessed by one-way analysis of variance with the
covariate sex (ANCOVA).
FIGURE 2 | Correlation between OB volume and measures that are associated with metabolic health status in obesity. OB volume in mm3; BMI in kg/m2; HOMA-IR,
homeostatic model assessment of insulin resistance; leptin in ng/ml; body fat in percentage; WHtR, waist-height ratio; WHR, waist-hip ratio in cm; FMI, fat mass
index.
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TABLE 2 | Olfactory performance assessed with the Sniffin’ Sticks battery and FAOT.






Obese (n = 28) p-value/F-value





p-value/r Mean ± SD (range)
Smell tests
Threshold 7.63 ± 1.85
(1.75 − 11.00)




0.959/0.030b 7.75 ± 1.65
Discrimination 12.45 ± 2.12
(6 − 16)




0.863/0.812b 12.82 ± 1.54
Identification 13.55 ± 1.51
(9 − 16)




0.801/0.064b 13.91 ± 1.14
TDI sumscore 33.63 ± 3.90
(22.75 − 40.25)




0.758/0.096b 34.48 ± 2.85
FAOT 13.4 ± 1.47
(9 − 16)




0.774/0.083b 13.73 ± 1.90
Data are presented as mean values, standard deviations, and minimum and maximum values. aSpearman’s rank-order correlation. bOne-way analysis of variance with
the covariate sex (ANCOVA). BMI, body mass index; TDI sumscore, sumscore of odor threshold, odor discrimination, and odor identification; FAOT, food associated odor
test.
TABLE 3 | Olfactory bulb (OB) and whole brain volume (WBV) overall participants and for weight groups.
Total Normal weight
(n = 28)
Obese (n = 26) p-value/F-value between
NW and OBE
Overweight
Mean ± SD (range)






0.002**/9.272a 58.19 ± 18.33






0.016*/5.959a 57.07 ± 16.83






0.004**/8.119a 57.63 ± 17.27






0.682/.169a 1.18 ± 0.08
aOne-way analysis of variance with the covariate sex (ANCOVA). OB volume in mm3, WBV in liter; NW, normal weight; OBE, obese. ∗p ≤ 0.05; ∗∗p ≤ 0.01; Bold font
indicates statistical significance.
Replication: Mediation Effect of
HOMA-IR on the Relation Between BMI
and Smell Function
The relationship between BMI and olfactory function, as
assessed by TDI score, was mediated by HOMA-IR. The
standardized regression coefficient was significant between
BMI and the mediator HOMA-IR (r = 0.625, p = 0.001)
and between TDI score and the mediator HOMA-IR
(r = 0.348, p = 0.042). The standardized indirect effect
between BMI and TDI score via HOMA-IR was -0.154
(CI -0.268 and -0.036). There was no significant direct
effect for BMI and TDI score (r = 0.126, p = 0.164, CI:
-0.053 and 0.304).
Relation Between Eating Behavior and
BMI/OB Volume
A Spearman’ rank-order correlation was applied to
investigate the relationship between BMI and eating behavior
questionnaires. We found a weak, positive correlation between
BMI and cognitive restraint as well as hunger scale of the TFEQ
(r = 0.258, n = 61, p = 0.041; r = 0.249, n = 61, p = 0.049).
A partial Spearman’s rank-order correlation was run
to determine the relationship between eating behavior
questionnaire data and OB volume whilst controlling for
sex. There was a weak, positive correlation between OB
volume and chocolate craving (sum score from the FCQ-Trait
Chocolate questionnaire), which was statistically significant
(r = 0.278, n = 59, p = 0.033). All correlational data of BMI and
OB volume with eating behavior questionnaires are given in
Supplementary Table 1.
Yet we treat these findings with caution, since they would not
survive alpha level correction for multiple testing.
DISCUSSION
In this study, we demonstrate for the first time that OB volume
is reduced in individuals with obesity when compared to those
with normal weight. Additionally, we found weak to moderate
negative correlations between OB volume and BMI as well as
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other measures of metabolic health in obesity, such as body
fat percentage, WHtR, leptin levels and insulin resistance. Our
results imply that, similar to other diseases such as depression and
Parkinson’s disease (Negoias et al., 2010; Li et al., 2016), obesity
also involves a neuroanatomical change in the OBs compared to
healthy participants with normal weight.
Since we could show that whole brain volume was not
associated with BMI and weight status in our sample, we conclude
that our observation is not related to a general atrophy in our
obese sample but might be specific to the olfactory system.
However, since we have not measured the volume of other
sensory regions, such as the gustatory, visual or auditory cortex,
we cannot conclude with certainty that our results are specific to
this one sensory system or might also affect other sensory areas.
Additionally, as our study groups did not differ in age, we can
exclude a frequently observed effect of age on the sense of smell
in obesity due to older obese study populations when compared
to those of normal weight, as discussed in a recent review paper
by Peng and colleagues (Peng et al., 2019).
Yet, what might be the underlying causes for smaller OB
volume in obesity? Our observation poses the question whether
OB volume reduction is involved in the development of obesity
or a consequence of this condition. First, it might be possible that
altered olfactory processing leads to changes in eating behavior
and consequently favors weight gain. Second, it might be possible
that reduction in OB volume is a consequence of obesity and is for
instance caused by metabolic and endocrine impairments. Both
questions cannot be fully addressed by the design of our study.
Nonetheless, we assume that the latter point of view is more
likely, since it has been shown that olfactory dysfunction is more
pronounced in severe obesity when compared to overweight or
moderate obesity (Richardson et al., 2004; Pastor et al., 2016;
Fernandez-Garcia et al., 2017).
Surprisingly, we could not find a relationship between OB
volume or BMI and psychophysiological measures of olfactory
ability, respectively. This is striking for two reasons: (1) obesity
is commonly associated with low olfactory ability and (2) we
expected that lower OB volume in obesity is associated with
lower olfactory function. As to the first point, we think that
our very young and healthy obese sample may be the reason
for the preserved olfactory ability. As discussed by the authors
of this paper it is plausible that individuals with obesity that
are metabolically healthy may have normal olfactory function
(Poessel et al., 2020). This point of view is in line with another
finding that especially people that are morbidly obese when
compared to moderately obese are affected from limitations
in olfactory function (Richardson et al., 2004). In this regard,
proposed explanatory models of impaired olfactory function
in obesity might explain this phenomenon: They point to an
important role of metabolic and hormonal changes in obesity
that may cause altered smell perception (Fernandez-Garcia et al.,
2017; Peng et al., 2019). For instance, leptin, which is often
increased in obesity while their brain is insensitive to this
hormone, has an inhibitory role on olfactory function in mice
(Getchell et al., 2006). In line with this reasoning, it is interesting
that we could replicate our results from Poessel et al. (2020) in this
sample. We find a strong mediating effect of insulin resistance
as assessed by HOMA-IR score on the relationship between BMI
and olfactory function as assessed by TDI score. This implies that
high BMI is associated with lower olfactory function via IR. As
to the second point, one can speculate that reduced OB volume
in obesity is an early sign of the pathophysiological changes in
olfactory function. Therefore, obesity and associated metabolic
changes might have negative effects on the olfactory system
before hampering obvious psychophysical function. Especially,
young age, short duration of obesity and being metabolically
healthy might protect against decline of olfactory function
(Attems et al., 2015; Lacroix et al., 2015; Riera and Dillin, 2016).
Yet, it is unexpected that the alteration of smell perception does
not first manifest itself in behavior, but in the brain anatomy.
Typically, a bottom-up mechanism is discussed as the cause of
decreasing OB volume, for instance in chronic rhinosinusitis
(Han et al., 2017) and smoking (Schriever et al., 2013). In those
conditions, lower afferent input is thought to reduce OB volume
because of inflammatory processes in the nose or due to toxic
effect of smoke-associated products on the olfactory epithelium.
This bottom-up mechanism of olfactory dysfunction has been
shown in animal models: deprivation of olfactory function leads
to decreased OB volume (Cummings et al., 1997). Interestingly,
this effect is reversible after restoring olfactory function. In line
with that result is an observation in humans, where surgical
treatment of patients with chronic rhinosinusitis results in
increasing OB volume (Gudziol et al., 2009). However, since we
detect a low OB volume without obvious olfactory dysfunction in
our obese sample, it might be possible that function is preserved
due to redundant information processing: the specific anatomy
and physiology of the olfactory system with its parallel processing
pathways could ensure that olfactory function is maintained.
Olfactory sensory neurons project to homologous glomeruli on
the level of the olfactory bulb, in a way that odor information
is represented and processed in two mirror maps (Nagao et al.,
2002; Sato et al., 2020). From there, the olfactory information is
transferred to higher order olfactory brain regions in a parallel
manner (Savic et al., 2000; Nagayama et al., 2010; Payton et al.,
2012). With regard to our data, we assume that based on the
parallel circuitry of odor information processing at the level of
the olfactory bulb, a reduction in the volume of OBs does not
necessarily lead to behavioral deficits.
Secondly, a top-down process explanation seems also
probable, as for instance discussed in Parkinson’s Disease (Li
et al., 2016) and depression (Negoias et al., 2010). Here,
neurodegenerative processes or disrupted salience processing in
the brain with a bias toward internal thoughts disregarding the
exteroceptive sensory system may lead to a reduction of OB
volume (Rottstädt et al., 2018). Especially, the loss of sensory
neurons in obesity (O’Brien et al., 2017) might result in a decrease
of sensory function. This has been shown in various sensory
systems, such as the auditory (Hwang et al., 2013) and olfactory
system. More specifically, Thiebaud et al. (2014) reported that
hyperlipidemic diet in mice and associated obesity leads to a loss
of olfactory sensory neurons and a decrease in olfactory function
(Thiebaud et al., 2014). Moreover, it might be possible that the
neural response to sensory input is blunted as it has been shown
in taste processing (Weiss et al., 2019).
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It has recently been shown that hormones whose homeostatic
signaling may be impaired in obesity (Baly et al., 2007; Aime
et al., 2012; Russo et al., 2018), modulate olfactory performance
in humans. More specifically, intranasally applied insulin as
well as intravenously applied ghrelin improve olfactory function
(Tong et al., 2011; Thanarajah et al., 2019). Interestingly, the
OBs have a high density of receptors for these hormones. Thus,
the OBs might be directly affected by these alterations. In this
respect, we think that another approach to explain diminished
OB volume in the absence of olfactory dysfunction might be
plausible: metabolic and hormonal dysfunction in obesity might
directly affect the neurogenesis and synaptogenesis of the OB.
Interestingly, chronic inflammation, as observed in obesity, is
associated with the disruption of hippocampal neurogenesis
(Chesnokova et al., 2016) and lower hippocampal and gray matter
volumes (Tsai et al., 2019). Especially, body fat percentage, leptin
and insulin resistance are among other indicators of increased
fat mass and might thus be associated with chronic low-grade
inflammation in obesity (Jung and Choi, 2014; Chen et al.,
2015; Saad et al., 2016; La Cava, 2017; Reilly and Saltiel, 2017).
Interestingly, it has been found in rats that diet induced type
2 diabetes leads to a decreased electrophysiological response of
olfactory neurons (Rivière et al., 2016). Moreover, obesity and
chronically high levels of insulin disrupt the metabolic sensing
of the OBs in mice (Fadool et al., 2011). In the light of these
findings, one can speculate that the negative correlation between
OB volume and markers of metabolic health might be a hint that
neurogenesis of the OBs might be affected by obesity associated
inflammatory processes.
Another, albeit highly speculative, possibility could be that
smells might be differently processed in individuals with obesity.
Following the observation of Weiss et al. (2020) that people
without apparent OBs can still smell, one can speculate that other
structures in the brain might take over the processing of olfactory
information by the formation of a glomerular space somewhere
else in the cortex. In this respect, we assume that although the OB
volume might be lower in our obese sample, the olfactory ability
might be preserved by other structures.
Since the OBs are structures that respond directly to
odors and play an important role in the processing and
dissemination of olfactory information to higher order brain
regions (Rombaux et al., 2009), they may also play a crucial role
in homeostatic signaling and eating behavior. Thus, we examined
the relationship between OB volume and eating behavior as
assessed by subjective questionnaires on cravings (FCQ), actual
food intake (DFS) and eating style (TFEQ). We found weak
positive correlations between OB volume and chocolate craving
whilst controlling for sex and BMI. This means that the higher
chocolate craving the bigger are the OBs. These results should
be interpreted prudently since this correlation would not survive
alpha level correction for multiple testing. However, we think this
is a first interesting link between brain anatomy in the olfactory
system and eating behavior.
Although we have planned our study carefully, there are
limitations to consider. First, in the context of eating behavior and
obesity we would encourage researchers to develop or use further
instruments to assess olfactory perception. Albeit the standard
olfactory Sniffin’ Sticks test battery is a well-validated measure
of olfactory function, it might not be as sensitive to depict subtle
differences in healthy subjects, because it was primarily developed
for the evaluation of olfactory loss. Moreover, the investigation of
eating behavior can be extended in future studies. Especially, we
would suggest that direct and implicit measurements of eating
behavior should be carried out to avoid bias through subjective
reporting. In addition, we consider it necessary to determine
the onset and duration of obesity in future studies in order to
make a more reliable statement about the influence of obesity
associated changes in the metabolic and endocrine systems on
olfactory function. In this context, we think an extension of the
hormonal profile and collecting inflammatory markers would be
compelling. Additionally, we think that our results only provide
first indications that the olfactory system is neuroanatomically
altered in people with obesity. Further studies should also look at
other structures of the primary and secondary olfactory pathways
to understand whether reduction in OB volume also affects
higher regions of olfactory processing.
In sum, our study finds solid evidence that OB volume
is decreased in obesity while sensory function appears to be
preserved. Furthermore, we show negative correlations between
OB volume and insulin resistance, leptin levels and body fat.
This might provide a mechanistic link between changes in the
olfactory system in obesity.
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